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STRUCTURAL TESTING FOR STATIC FAILURE, FLUTTER AND OTHER SCARY THINGS 

Rodney H. Ricketts 


SUMMARY 


hinhi5nh+ nd * est a !) d test methods are described that may be used to 

lghlight potential structural problems that occur on aircraft Primarv 
interest is focused on light-weight general aviation airplanes The si?uc- 

C+I+ 1 - p ™ blenis descri hed include static strength failure, aileron reversal 
static divergence, and flutter. An example of each of the problems is dis- 
cussed to illustrate how the data acquired during the tests mav be used tn 
predict the occurrence of the structural problem.' While this report aives 
some rules of thumb for the prediction of structural problems It is St 
intended to be used explicitly as a structural analysis handbook, 
many such handbooks are included in the reference list. 


is 

However, 


INTRODUCTION 

t£\ airCraf S haVe inherent structural flexibilities that may contribute 
fi P v?hnv Se ° f many types . of P r °hlenis— some destructive in nature. These 
exi bill ties may couple with aerodynamic forces or with inertia forces tn 
produce unwanted structural instabilities. To Insure that These structure? 
problems do not occur within the flight envelope, it is necessarv tn ZlZl 
certain tests and/or analyses on the aircraft. A typical structural inteqritv 
enfi cation program for a commercial aircraft includes the following 

design-cycle analyses which may use computer 
element mode! s) to predict the response of the 
of the fabricated parts, both in the unassembled 
the complete aircraft; (3) more analyses usinq the 
ground test to verify or calibrate the analytical 


elements: (1) extensive 

simulations (called finite 
aircraft; (2) ground tests 
state and assembled to form 
data acquired during the 

results; (4) wind-tunnel tests of models which simuia+ 0 '\ho'“ ' 

fHfiht 6 ’ and i’ finallj J. (5) f1l *9 ht test of the completed aircraft throughout the 
flight envelope. Performing these tasks provides the safest means for 
verifying that the aircraft structure will hold together during operation. 

P a P er focuses on two of the above elements — namely, ground test and 

pstn 
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Figure 2.- Stress-strain diagram for a typical metal. 
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STATIC STRENGTH FAILURE* 


strength failure is the interaction of aerodynamics, inertia, and 
strength. The interaction diagram shown in figure 1 illustrates the 
interaction by the shaded area. It is the condition where the aerodynamic and 

At ]°^!? aus ® thestructur al. stress to exceed the structural strength. 

J his condition the structure fails and is no longer capable of carrying the 
load. A failure can lead to catastrophic destruction of the aircraft. 


A stress-strain curve for a typical metal is shown in figure 2. The 

SSr!h^o W th Q thr r re9 !° n ? ° f . interest : A region of linearity exists (segment 

) where the stress (related to applied load) is directly proportional to the 
strain (related to deformation) produced within the metal. When loaded and 
then unloaded within this region, the metal will return to a zero-strain 
(undeformed) condition. A region of non-1 inearity exists (segment BE) where 
the material begins to yield (or permanently stretch) under additional load. 
Metal loaded into the yield region (point C) and then unloaded will return 
along line CD which is parallel to the original linear region line to a 
deformed condition— one with a permanent set (point D). In this case the 
linear region is shifted to the right, and the metal will respond alonq line 
C when it is reloaded to point C. A region of failure exists (segment EF) 
where the ultimate strength of the metal is reached. The metal stretches 

*° relieve the load and then fails at point F. Additional information 
is contained in reference 4. 


The figures and text in this paper are presented in the following format. 
All figures appear on left-hand pages (even numbers). The text describing 
(odd fl9 jj r y ppears all '9ned to that figure on the opposing right-hand page 
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During ground tests for static failure, loads in the form of forces 
and/or moments are applied to the structure, the stresses that are produced in 
the structure are measured, and the resulting structural deformations are 
measured. These procedures are discussed in the following text. 

load/°Tn^ m nm-nt e f? plled t0 . th u ! structure as either point or distributed 
Toads. For point forces a weight pan as shown in figure 3a may be used to 

support the weights as they are applied. A loading pad may he used so as not 
° n p t un ^ r o e the structure with the pan fixture. Another* method of applying 

point forces is through the use of a hydraulic ram. Distributed forces which 
represent an aerodynamic or inertia load condition may be applied by distri- 

n^tp n Lth n H b f 9S ° r i 39S f \V ,ed Wlth lead shot across the structure. An alter- 
whirh ^ d h f ° r * app l{ lng distributed loads is through a whiffletree apparatus 
th h t( l the . s . tr . ucture at several points as shown in figure 3b. 

orces then may be applied to the whiffletree using weights or a hydraulic 
r* 6tm • 


A pure moment (couple) is produced when two equal loads are applied in 
opposite directions at different points on the structure. A torsional ironent 
b !! ? PP 1cd t0 a win 9 using two weight pans as shown in figure 4. One is 
attached to one end of a frame that snugly fits over the structure, while the 

2nH er lf 1S ^ att f Ched to r a cab1e r °uted over a pulley and connected to the other 
/ • h<? Equal weights are then applied to each weight pan. The 

between 1 the^attac^poUits • 6 We ’' 8ht °" PS " ™ Uip,ied * » 
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Torsion gage 



Figure 5.- Typical strain gage installation. 



Figure 6.- A method for measuring displacements 



To measure the stress in a structure when it is loaded, small resistance 

thp 6 c^ e,S C T! C , ted v a J ,heatst °ne bridge arrangement are used to measure 
IS*??’" ° *\ These strain gages, as they are called, are 

*° the . S ,. ruc ^ re a . t specific locations, as shown in figure 5, and 
nn ffl 2 ed a I specie directions to measure such reactions as shear, bendinq 

range^f^he ^^erialT^See pro ^ rt1o " al * <" the linear 


, , ^^^“ttural deformations may be either linear (a displacement) or angular 
IJ ^tat'on) in nature. To measure a displacement a simple pointer attached 

give th accuracy Ur to an o os* in’® 3 t , taCh , ed k i i < ! 9round ma T be used. This method can 
c acc , ura ? *° °- 05 1n - A slightly more accurate method requires a 
surveyor s level and a scale. The scale is hung from the structure and 

in 9 Mprha h ni th ? !?- Ve 1 1 aS Sh ° W " 1n figure 6 * This my ? ive accuracy to 0.02 
^surel e e C n h ts n, t C o a V0M 1 1n'. a ' ,9eS ^ *» ’'-ease the accural of the 
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• rtl Thre ®,. methofls are presented for measuring a rotation. The simplest 

involves displacement measurements at two points at a distance L apart oJ 
the structure as shown in figure 7a. For a small rotation the annle e u 
approximately equal to the tangent of the angle, or in other word" Is equal 

apartf ThVis dis >” aceme " ts - 41 divided by the distance tbeyTrl 


9 - (Al + A2)/L. 


Usinq another method which employs mirrors and a light source (a laser or 

uZt is tin! rA Ct0 :!' r ° tati0n may be accurately measured? The 

nr s reflected by the mirror located on the structure to a wall some 
5 ° aWa /- a / Sh ° Wn in fl9Ure 7h ’ As the structure rotates, the liqht 

rotation it th S | an ^ e A SUCh that 6 = A/2D - The third ^thod for measurino 

electrical \cce^eroneter-type.° f “ -ther a bubble-type or an 
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Load factor. 


+ maneuver 



Figure 8.- Typical flight envelope in terms of speed and load factor. 



Figure 9.- Structural strength test of DAST flight vehicle. 
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^ an lhe fe . deral standards for airworthiness of normal, utility, and acrobatic 

(ref 9 5) ai To ra b£ - GS H e k^u 1 ' n c F , ederal Nation Regulations, Part 23 

(ref. 5). To be certified by the Federal Aviation Administration (FAA1 an 
airplane must pass certain ground tests for static strenath Thp a'irrr'aft 
must be able to withstand the application oflirn^ 1s the Lxfmum 

DPm!nM! e ?f during service— without permanent or excessive deformations. A 

yield" poi nt ^Tn TddTti nn^TJ f S l ructure is 1oaded beyond the material 
rt In addition, the aircraft must withstand the application of 

l«st ttri "ds wfthoul fanu’; t1meS “ larSe aS tha 11m1t * 

h ._ f . lig - ht e . nvel °P? defines the flight conditions for which the aircraft 
has been designed. This envelope can be defined in terms of speed and load 

f t°to a totSl° W ai rol a f ne 9U wei aht L °™ faCt °, r iS - the ratio of total aerodynamic 

and minimum normal lift ^efficients™ 6 cf* '^Mch^y^br Reached "during 

oT£ f d f ur?; d Jfe, :S; ch 0CC 7 r 

maximum^oa^ Jxp^rVeTced^ wl thin 6 this** fl i ght ^nvel ojfe.^ ** ^ 


'for Aerodynam^i c ^ and $ Structural ^Sg) 

™ p- rwsssss 
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Gage output 


Gage output 


(a) Vertical load (b) Bending moment 

Figure 10.- Loads data measured on DAST flight vehicle. 



Figure 11.- Interaction diagram for aileron reversal. 




i n _ j D ? ta W ^ r f a 59 ulred Wlth strain gauges which were positioned to measure 

durino th^n^r^ 119 j 0 " 16 ^ ? M * The dat a shown in figure 10 were acquired 

during the loading and unloading of many Incremental loads. The datashown 

range Vs^is ll^eT" 9 * ** StrUCtUre expe ^ e " ced) throughout^ i£d 


- AILERON REVERSAL 

H.n am - l1e /° n re ! e - Sa1 is the cond ition in which the control surface aero- 
dynam c forces twists the wing in such a manner that a zero rolling moment 

sitfto ^ speed . W1 ' 11 cause the aircraft to roll oppo- 

craft to rol lta irfV^Th • S ’ t Stick r . ight command ^11 cause the air- 
^2 r h t0 4. r01 -. , the left. This phenomena is the interaction of aerodynamic 

and structural elasticity as illustrated by the shaded area of figure 11 
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Slope = 1/k 
(T = ke) 


Torsional stiffness 




nf +hl u r th ? r 1 ex P la [ iat1 ’ 0 , n °f aileron reversal Is as follows. A deflection a 

incJeLnta? r0 iift Ur rr+h P ° S1 ^ 1Ve for trail1n 9 ed 9 e deflected down) produces an 
incremental lift at the surface as illustrated in the upper part of fiaure 

ecause the control is aft of the center of twist, a nose down Ditchina 

tSriLV pr 5 duced tends to decrease the win, angle of attack. RedScInq 

Normall V thl f f “ ( * ■ 8 !' educt, ° n in the wing contribution to lift? 

Normally, the total lift (wing plus control surface aerodynamics) is increased 

for a positive control deflection. However, if the elastic twist is l^nf 

lift 9 caused bT th? control Sfi”^- exact li eqUals the addUional Incremental 
lire caused by the control deflection. The total lift is unchanaed in thic 

rn??in S lllUS * r ? ted «9ure ^ by the neutral curve. For this condi tio^ no 
rolling moment is produced and the stick is ineffective. Increasing the air- 

Hefi^ +- S w eed r< W +il res ^lt in a decrease in total lift when the control is 
deflected and thus produces roll in the direction opposite that intended— that 
s, the reversal condition. Flight in this condition is possible if the oilot 

JL n l le > T? rse „ his linking to push the stick rlgK for a left Si 1 

Recovery is achieved only by slowing down the speed. 


Dur1 "® 9 r ound tests for aileron reversal evaluation, it is necessarv tn 
measure the torsional stiffness of the wing structure. The stiffness can hp 

« ™^ ed from ^ 1 aSU . re,T,ents of the twist angle made when the structure 
loaded incrementally in torsion as illustrated in figure 4. For small twist 
an9lesa * torsional loads T, the data is linear fs illustrated i*n f^re 
data.^ torsiona1 stiffness k is equivalent to the inverse slope of 9 the 
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Figure 14.- Calculation of control reversal dynamic pressure. 



Figure 15.- Relationship between equivalent/calibrated airspeed and true 
airspeed at various altitudes. 
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r- A "- "r “7^ 

sr-srr-j: °rxT^ 

defl^tio^ °c m0mer ?h ab0 < Ut th .f T an aerod y nam ^ center (MAC) due to control 
MACp » the w ^ n 9 chord c and the wing area S. (The coeffi- 
cients may be found in a typical airfoil handbook such as references 8 and 
9). The equation for the reversal dynamic pressure q D is 

K 


q R 


-C L k 
C L C MAC 


a 


0 


c? 


xs 

airspeed. This is 
the square of equivalent 
airspeeds are proportional 


explanation of dynamic 

ben discussing aeroelastic „. liailIit> 

as one-half the air density times the square of the true 
- t0 on ®- half the air density at sea level times 
airspeed. Because calibrated and indicated 
to equivalent airspeed, dynamic 
ilibrated, or indicated, a 
between calibrated airspeed and true 


S rspeed. PreSSUre 


altitudes to 40 000 feet. 


is 

Figure 15 
airspeed for 
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Reversal 


Figure 16.- Typical data measured to determine control reversal. 



Figure 17.- Typical flight envelope showing relationship between 

cruise and dive speeds. 


18 



During flight test, data may be acquired to predict the dynamic pressure 
at which aileron reversal may occur. Measurements of roll rate and control 
surface displacement 0 at various ciynamic pressures may be used to extrapo- 
late to the point of reversal —that is, the condition of zero roll rate per 
control surface deflection as shown in figure 16. Instrumentation normally 
used for the measurements include rate gyros, position potentiometer, strain 
gages, and tape recorders. However, equipment such as a horizon Indicator or 
an inclinometer for measuring roll angle and a stop watch for measuring time 
may be used to calculate the roll rate. A stop for the control stick may be 
used to insure that the same control deflection is achieved at each data 
point. 


FAR Part 23 requires that the airplane be free from control reversal 
throughout the flight envelope shown in fiqure 17 (simpler version of fig. 
8). This may be shown by flight testing the' aircraft to dive speeds without 
experiencing reversal. Or, by analysis, it may be shown that the aircraft is 
free from reversal up to 40 percent beyond cruise speeds or 20 percent beyond 
dive speeds, whichever is less. 
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Reversal 


f i ghter 1 ^Trol ane 6r frpf Wa f nr 6aSU Th ^ °!), a ^ uarter - scal e wind-tunnel model of a 
gnter airplane (ref. 10). The aileron controls were located alona thp 

trailing edge at the wing tips of the arrow-wing planform. For the tests the 
model was supported on a sting In the middle of the NASA Lanoley Research 
Center Transonic Dynamics Tunnel (TDT) as shown in figure 18. ' 


Rolling moment coefficients C L<S were measured using bending moment 

the wing root * The TOment s were measured for three 

™ y te PrediCted hy eXtrap0,aUn! ' the <■*» »e 
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Figure 20.- Typical airfoil section showing relationship between 

lift and elastic axis. 



Figure 21.- Measurement of elastic axis (EA) location. 



STATIC DIVERGENCE 

Static divergence of a lifting surface is a static instability whirh 

tural S p 1 ? a 6 1 • the a ® r0( ^ nami ’ c moment on the surface exactly equals ttu/struc- 
ural elastic restoring moment. Therefore, it is the interaction of aero- 

Dilprnpnrf nd el ?* t1c11ar as Previously shown by the shaded area in fiqSre 11 
Divergence usually occurs on forward-swept surfaces (ref. 11) but also mav 

occur on unswept or slight aft-swept surfaces. Divergence normally leads to 
structure rached?" ° f 4,16 1ift1 " 9 Sllrface when the stren9th 1,m1ts of the 

Further explanation of divergence is as follows. The product of thp 
resultant lift force illustrated in figure 20 and the distance e from the 
force to the elastic axis (effective rotation point of the structure) is eaual 
to the aerodynamic torsional moment. For swept wings the relationship p 

fnrrpfrP 6 V ft * 1 ™ . and the local Mastic Jxis locations Inboard of P the 
forces determines the twist of the elastic wing. For example, aft-swept wi nos 

( ] ch* n ? Se ^ 0wn (washout) under load while forward-swept wings twist nose up 

nn^J?L Un i der , l0ad ' When the lift forces act forward of the elastic axis 
thprpfn e +h 1 vergence can occur. Because forward sweep increases e and 
therefore, the aerodynamic moment, forward-swept winqs are more susceptible to 
static divergence than aft-swept wings. susceptible to 


during qroln^test 6 prGSSUre be calculated from measurements made 

’IJ ground test. It is necessary to measure the torsional stiffness k 

nf d tw5 G t- e1 p S +!, C ax J s locatlon - To measure the torsional stiffness, the anqle 
\ °! the stru ? ture is measured during the application of incremental 
torque loads as previously described. The torsional stiffness is inversely 
proportional to the slope of the acquired data as previously shown in figure 

The elastic axis EA is located by measuring the angle of twist of 
structure during the application of a force load at vartous p^itionl d 
rrMtoJ 46 chord. The elastic axis Is the location at which an applied force 

V' A " 111ustrat, °" ° f 
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The divergence dynamic pressure 
following equation 


calculated 


% = k/(C L e S) 


where k is the torsional stiffness, e is the distance between the elastic 

axis location and the center of lift (normally assumed to be acting at the 
quarter-chord), C[_ *- 4 - u - ■ y u ne 


coefficient 


is the wing area. This is illustrated in figure 22. 


angle of attack. 


^ubcritical response ofa lifting surface may be measured in fliqht to 
predict the conditions at which divergence will occur. The procedure is as 
follows. Wing twist angle e is measured at several angles of attack a for 

* y J! amic pr * ssure editions q. (The angle of attack may be varied 
while holding constant altitude and airspeed in a banked turn.) At each 
dynamic pressure a straight line is fitted through the twist/anqle-of-attack 
data to determine the gradient (or slope) A6/Aa as shown in figure 23a. 
The gradients are larger at larger dynamic pressures and become infinite at 
divergence as shown in figure 23b. Additional methods for predicting the 
divergence dynamic pressure from measured data are described in reference 11. 
Instrumentation that is needed include strain gauges calibrated to measure 
twist angle, angle-of-attack indicator and tape recorder to record the data. 

data deduction 9 Camera ^ used t0 record the wing twist for post flight 

.. ^ requires that the airplane be free from static divergence 

throughout the flight envelope. This may be shown by flight testing the'air- 
craff at dive speeds without experiencing divergence. Or, by analysis which 
shows that the aircraft is free from divergence up to 40 percent beyond cruise 
speed or 20 percent beyond dive speed, whichever is less. These requirements 
are similar to those presented for aileron reversal. (See fig. 17.) 
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Figure 24.- Forward swept wing aeroelastic model mounted in TDT. 



0 



.6 : .8 1.0 

Mach number 


_J 

1 .2 


Figure 25.- Comparison of experimental and analytical results defining a 

static divergence boundary. 
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Static divergence was measured during wind-tunnel tests of the half -scale 
model of anexperimental aircraft with a forward-swept wing shown in figure 
24. (See ref. 12.) The model consisted of an aeroelastically-tailored 
composite wing, half fuselage, and a closely-coupled canard. The model was 
mounted to a turntable on the sidewall of the TOT so that angle of attack 
could be varied to acquire load/angle-of-attack data for various dynamic 
pressure and Mach number conditions. 


Subcri tical response techniques were used to predict the divergence 
dynamic pressure boundary throughout the transonic Mach number range. The 
experimental predictions are compared in figure 25 with analytical predictions 
computed using structural finite element modeling techniques and several 
aerodynamic lifting surface theories. The range of analytical predictions is 
shown by the shaded area in the figure. The boundary has a minimum divergence 
dynamic pressure which occurs in the transonic region. (This is similar to 
typical flutter boundaries. Flutter is discussed in the following section.) 
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FLUTTER 


Flutter is a dynamic instability which occurs when the aerodynamic, 
inertia, and elastic forces couple to cause a self-excited motion of a liftinq 
surface. The flutter motion is sinusoidal and may be either constant or 
divergent in amplitude. Flutter, particularly that with divergent motions, 
may cause catastrophic destruction. The Interaction of the three ingredients 
to flutter is shown by the shaded area in figure 26. 


Furt , her explanation of flutter is as follows. Time histories of typical 
structural responses are shown for three dynamic pressure conditions in fiqure 
1 1®* T .he time history for condition A shows motion that is damped 'and 
stable-- that is, after a disturbance the amplitude decreases with time. The 
time history for condition B shows constant-amplitude motion that indicates 
neutral stability. The time history for condition C shows a divergent or 
unstable condition--that is, the amplitude increases with time. Both the 
neutral and unstable conditions represent flutter conditions. 


wing flutter the torsion mode coalesces (or couples) with 
The modal frequencies change with dynamic pressure as shown 
s the flutter dynamic pressure is annrnarhpH the tnrc i An 


In classical 
the bending mode. 

in figure 27b. As the flutter dynamic pressure is approached the 
frequency usually decreases substantially, and the bendino frequency increases 
slightly. At flutter the two modes couple, and the w'inq oscillates at a 
single frequency. Typical conditions at which the time histories (A 
C) occur are indicated in the figure. Additional information is qi 


B, and 
ven i n 


29 




(a) Center of gravity 



Figure 28.- Measurement of mass properties of wing. 



Figure 29.- Airplane support for ground vibration test. 
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<H-^-n\h 1mp1e flu ^ ter analysis of a lifting surface may be performed using 

tlrl P J? T7+ aerodynamics and structu ral data. The aerodynamic parameters 
such as lift-curve slope and center of pressure location may be found in a 

tho 1 oiL + ^ r ° dy " am l C ha P dbook ( ref * 8). T he structural data, which includes 
the elastic axis location, mass properties, and vibration frequencies, may be 
acquired during ground test described as follows. y 

Measurement of the elastic axis location is performed as previously 

aool k t nnc T ?i 6 an9 lh ° f t ? 1St °l the structure is assured for various load 
T alopg the surface chord. Recall that the elastic axis is the 
load location which produces deflection but no angle of twist. (See fig. 21.) 

The following mass properties may be measured in qround test: weiqht 

center of gravity, and inertia. The weight of the surface may simply 9 be 

distant w ^ th , scal ®:;‘ n Th ®. cent ® r of gravity CG may be located in terms of a 
distance x from the leading edge by balancing the surface on a "knife edqe." 

15 * kn ' f a e edge I* ™ v . ed until the point of balance is obtained as shown in 
figure 28a. The pitch inertia of the surface may be measured using a bi filar 

t P endulum that has ^ filaments (or cables) as shown in 
ngure 28b. The cables are positioned symmetrically about the CG a distance 
d . apart * The length z of the cables should be at least ten time lonqer 
than d I to maintain good accuracy. The period T (or time) that the surface 
th r™ 9h a complete cycle of oscillation may be measured with a stop 
watch. (The surface is displaced in twist on the cables about 30 degrees and 

^L Sed \-7?u lng H begun as the surface P asses a reference point'and con- 
tinues until the surface passes the reference point several times, usually ten 

divinTnn* thJ h t e rt fJi r l° d ’ k° r ^ he ave , rage time for one cycle, is computed by 
dividing the total time by the total number of cycles). The pitch inertia may 
be computed using the following equation y 


I = 2.444 W d2 T2/*, lb-i n 2 


where the weight W is in units of pounds, lengths are in inches, and the 
period is in seconds. 


v ,. vibration testing which is performed to measure the natural 

ration characteristics, particularly the resonant frequencies, of the 

sunnnrtprf* c 1S ^! Cr +i!? ed as follows * The structure to be tested must be 
rhSK ed - tha r i he su PP° rt mechanism does not influence the vibration 
2ir aC Jf n ? ,c * of . the f tructure alone. A good rule of thumb to follow is 
The frequencies of the support modes should be on the order of ten 
percent of the frequency of the first structural mode. Often this can be 
achieved by simply deflating the tires of the aircraft. However, it may be 
necessary to suspend the aircraft on soft springs. The structure may also be 
supported as a pendulum with a low pendulum frequency. In this case the mode 

figured™ f ° rCe W ° Uld be app1ied nomil t0 the Pendulum cable as shown in 
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I 

p 


Supply 



(a) Electromagnetic shaker 


(c) Rotating mass 


Figure 30.- Typical devices for exciting a structure. 


Torsion mode 


Response 



Figure 31.- Typical frequency response of wing structure. 




Equipment that may be used to sinusoidally excite the structure include 
electromagnetic shakers, pulsating air jets, and rotating Masses An 

lator^dHw 0 A hake r “ illustrated in figure 30a may be used with an oscil- 

A pulsating air jet device as illustrated in figure 30b 
fabricated using an air compressor to supply air which is 
1 rected towa ^ d the wi ng surface and deflected by a rotating disk with holes 
in it. The disk is driven by a variable speed motor. The air-jet device is 

attached 3 tl y th 56 ^ 1 f T li 9 h * wei 9 ht .structures because no additional mass is 
attached to the structure. A rotating-mass device as shown in figure 30c is 

the easiest shaker to fabricate. An eccentric weight is rotated usinq a 

eccentricit^ e^tho* th™* 0 " J° rCe is direct}y P° rtl ‘^al to the 

centricity e, the mass of the weight, and the square of the rotation 

frequency w. It is important that neither the weight nor location of the 
device influence the frequencies of the structure. location ot the 


Excitation of structures at their resonant, or natural, frequencies will 
cause the structural response of the structures to increase. The natural 

frequencies may be measured by exciting the structure with shaker equipment 
while slowly varying the excitation frequency and monitoring the structural 
response. The response may be monitored with an analyzer, strip chart or in 

ST C 3 fi e Vor V Von a Jt ly V T h he frequencies at which the response is^ LxLm (see 

tu?; hl L th! f Ce ar \ the natUral fre duencies of the struc- 

ShP ill / th / fre( l u ency may be determined with an oscilloscope, a 

S be nJ:AV T’ f0r fre 9 uencies less than three Hertz, a stop watch. It is 

pln?no P + lb1e t0 +u Se / tlmin 9 1 i 9 ht and tachometer attached to a running 

engine to measure the frequency of vibration of the structure. 9 
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Airspeed, IAS 



Figure 33.- Typical flight plan for flutter testing 



A rule of thumb to follow for approximating the flutter speed of a 
lifting surface with a conventional planform (zero to moderate aft sweep 
angles) uses a parameter called the flutter speed index FSI which is defined 
by the following equation: 


FSI = V/( bo/iD 


where V is the flutter speed (feet per second), b is the length (feet) of 
the semi chord at the three-quarter span, 10 is the natural frequency (radians 
per second) of the torsion mode, and p is the ratio of the wing weight to 
the weight of the volume of air in a frustrum of a cone enclosing the wing. 
For a constant chord wing p is simply the wing weight per unit length w 
divided by u , the air density p, and the square of the semichord as illus- 
trated in figure 32. The rule of thumb is that FSI is approximately equal to 
one-half at all altitudes. Thus, substituting the values of the parameters, 
including the air density at a particular altitude, into the equation for FSI 
equal to 0.5, the approximate flutter speed may be calculated. See reference 
14 for additional information. 


Flight testing for flutter (ref. 15) requires a flight plan to insure 
maximum safety. An example plan is shown in fiqure 33.' The aircraft is 
tested at several velocities at each of several altitudes. Response of the 
aircraft to excitation may be monitored visually from the cockpit or from a 
chase plane, electronically using strain gages or accelerometers, or photo- 
graphically using a movie camera mounted on the aircraft. 
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Figure 34.- Aerodynamic vane for structural mode 
during flutter testing. 


Figure 35.- Experimental aircraft for conduct 



rtf jEl? f V 9ht ^ ests . the ai >craft structure may be excited using a variety 
I ? £ i F ° r 3 broad .wnge of frequencies random ambients such as atmos- 
pher c turbulence or engine vibrations may be used in some cases. However 
the level of excitation Is not controllable and also Is difficult to measure* 
For low frequencies (less than ten Hertz) pilot Induced iZic P c S 

JP" tro . 1s may be “ sed \ F ? r h i. 9 her frequencies the excitationsTnay be input to 
the structure through inertia or electromagnetic shakers attached to wina 
structure or control linkages. Another devicl that isof^en usedis an aTm- 
dynamic vane attached to the wing tip as shown in fioure 34 and driven by an 
electric motor or hydraulic actuator. * y an 

the H^ht a e r n\plL? qU TMc that K the ^ airplane be free from flutter throughout 
tne flight envelope. This may be ?hown by flight testing the aircraft to Htuo 

aircrart is tree from flutter up to 40 percent" beyond cruise soppH nr ?n 
percent beyond dive speed, whichever Is less. These requirements are similar 
to those presented for aileron reversal and static divergence. (See fig. 17.) 


in fWp d 4 eS w and fl l 9h I ! eSt (ref * 16) of the experimental aircraft shown 
fin'M-o 9 a W * re conduc ted Langley Research Center to determine the 
!I^^r o . sp f d ^e horizontal tail so that laminar flow studies could be 
moacn^ 6 tii ° n ^ air 5 raft W1n 9* Ground vibration tests were conducted to 

tS?al damSina^^Thl frequ 1 e . ncies ’ TOde sha Pes, generalized masses, and struJ- 
tural damping. The results were used in a flutter analysis which includPd 

lifting surface unsteady aerodynamics. The horizontal tail was instrumented 

the " f,i9ht tested t0 reCOrd the response*!!! 
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Airspeed, mph IAS 


Figure 36.- Inverse amplitude data for predicting horizontal tail flutter. 
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Subcritical response techniques (ref. 17) were used on the recorded data 
to predict the flutter onset speed of the horizontal tall. One such technique 
is called the peak hold method which uses measured peak rms (root mean square) 
response at incremental frequences throughout the frequency range of Interest 
to predict flutter. As a flutter condition is approached, the peak Increases 
in amplitude until, at flutter, it theoretically becomes infinite; or, in 
other words, at flutter, the Inverse amplitude is zero. Results of data 
anlaysis using the peak hold method are shown in figure 36 for two different 
possible flutter modes. A 27 Hz mode is predicted to flutter at an airspeed 
of 235 mph. This speed is lower than that predicted for the 46 Hz mode. The 
aircraft speed was therefore limited to 205 mph to allow a 15 percent margin 
in speed for overshoots during the laminar flow tests. 


CONCLUDING REMARKS 

Ground test and flight test methods have been described that may be used 
to highlight potential structural problems that occur on aircraft. The struc- 
tural problems described include static strength failure, aileron reversal, 
static divergence, and flutter. An example of each of the problems was 
discussed to illustrate how the data acquired during the tests may be used to 
predict the occurance of the structural problem. Furthermore, the require- 
ments that are set forth in the Federal Aviation Regulations to insure that 
each problem does not exist within the flight envelope were discussed. 
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